Abstract-This paper provides quantitative analysis on system efficiency and battery temperature rise in battery-alone system, passive, battery semiactive, and capacitor semiactive hybrid energy storage systems (HESSs). First the system efficiencies and the temperature rises in battery are derived under a pulsed load profile and the four different topologies. Sensitivity analysis is then performed to investigate the influences of the factors (the characteristics of the load profile, the state of charge of battery, and the efficiency of the dc-dc converter) on the four energy storage systems. The proper usage of the HESSs is discussed later based on the results of the sensitivity analysis. It is found that in the most cases the capacitor semiactive HESS is superior in both system efficiency and the suppression of the battery temperature rise. Meanwhile, its behavior is more complicated than that of the battery semiactive HESS. The battery semiactive HESS is suitable for the highly dynamic loads, but its performance more depends on the efficiency of the dc-dc converter. Finally experiments are conducted that validate the previous theoretical discussions.
UCs provide fast and efficient energy delivery thanks to their high power density, two to three times higher than that of the most batteries [5] . However, at present the energy density of UCs is very low, less than one tenth of that of the lithium-ion batteries [5] . Combination of batteries and UCs is considered to be the best usage of UCs in real applications that meets the load requirement and takes the advantage of the complementary features of the two devices [6] . Various battery-UC hybrid energy storage systems (HESSs) were developed in recent years for the transportation and utility applications [7] .
Generally there are three types of topologies for battery-UC HESSs, passive, semiactive, and fully active topologies [8] . The passive HESS is the simplest topology, in which batteries and UCs are directly connected in parallel. Compared to the batteryalone system, the passive HESS shows an obvious improvement on peak power capability under a pulsed load profile [9] . However, the passive HESS cannot fully utilize the UCs due to the uncontrollable current flow. By adding dc-dc converters, the current flow can be properly distributed to improve the system performances of both semiactive and fully active HESSs. These active HESSs can be actively controlled to let UCs supply the most of the dynamic load, and thus further improve the peak power capability [10] . This advantage leads to a reduced peak current and an extended cycle life of the batteries [11] , [12] . Meanwhile, the energy loss from the dc-dc converter itself degrades the system efficiency [13] . Taking into account of the loss in the dc-dc converter, the semiactive HESS is optimally controlled and experimentally demonstrates a higher efficiency than the battery-alone system [14] , [15] . However, these existing results are all discussed under specific load profiles in target applications. As to the knowledge of the authors, there is a lack of a quantitative study on the performances of the battery-UC HESSs under various topologies and operating conditions.
As discussed above, the main objectives of adopting the battery-UC HESSs are to improve the system efficiency, battery cycle life, and the dynamic response of the energy storage systems. It is straightforward to understand the improvement in the dynamic response because of the large difference between the power densities of batteries and UCs. However, for the influences on the system efficiency and the extension of the battery cycle life, a comprehensive study is needed to quantitatively analyze and compare the different topologies under a dynamic load profile. This effort is important to further understand the natures of the HESSs and guide real applications. In the following sections, the system efficiencies and the temperature rises in battery are first derived for the conventional 1949 -3029 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. battery-alone system, and the three most common battery-UC HESSs, the passive, battery and capacitor semiactive HESSs, under a pulsed load profile (see Fig. 1 ). Compared with the fully active HESS, the semiactive HESSs are considered to be a practical solution in terms of reduced complexity and losses because only a single dc-dc converter is required [8] . The temperature rise in battery is chosen because it is a key factor that affects the battery cycle life [16] . The Sobol' indice-based sensitivity analysis is then performed to determine the most influential factors for the system efficiency and the battery temperature rise in the different HESS topologies. This enables quantitative discussions on the proper usage of the HESSs that best fits the requirements from a target application. Finally experiments are conducted for validation purposes.
II. DERIVATIONS OF EFFICIENCY AND TEMPERATURE
In order to facilitate the following quantitative analysis, a pulsed current load is used to represent a dynamic load profile [17] . As shown in Fig. 2 , the pulsed load current i l can be decomposed into two components, a constant average current I l,a and a dynamic current with magnitudes of I l,dp and I l,dn , namely
and
where T and D are the single period and the duty cycle of the pulsed current load, respectively; I l,max and I l,min are the maximum and minimum load currents, respectively. Substituting (1) into (2) gives the relationships among I l,dn , I l,dp , and D, I l,dn = D(I l,dp + I l,dn ) and I l,dp = (1 − D)(I l,dp + I l,dn ).
A state-space approach usually can give compact representations [18] . Due to the nonlinearities of the load profile and the models discussed below, differential equations are directly used to represent the current-voltage relationships in the four energy storage systems.
A. Battery-Alone System
In this system the battery pack is directly connected to the load, as shown by its equivalent circuit model, Fig. 1(a) . Here the internal resistance, R b1 , and open circuit voltage (OCV), V o,b1 , are obtained using a fast averaging method, and represented by two six-ordered polynomials of battery state-of-charge (SOC) through curve fitting [19] .
where x is a specific SOC of the battery pack; a i and b i (i = 0, ..., 6) are the fitted coefficients, as listed in Table I . Assuming the OCV of the battery is constant over the period T , the system efficiency η ba can be calculated as
From the definitions of i l and I l,a , (1) and (2), η ba can be rewritten as
From the relationships in (3), it can be further written as
As discussed in the introduction, the battery cycle life is strongly affected by its temperature [16] . It is intuitive that with the UCs to provide the dynamic current, the temperature rise in the batteries could be reduced, namely extended battery cycle life. However, this important aspect should also be quantitatively discussed and analyzed. In this paper the below battery thermal model is used for analysis purposes,
where h and C p are the heat transfer coefficient and the heat capacity of the battery, respectively [18] , [20] . i b (>0 on charge) and R b are battery charge/discharge current and internal resistance, respectively; T b is the battery temperature; T env is the environmental temperature; ∂V ocv /∂T b is the entropic heat coefficient, which is a function of battery SOC, SOC b . In (9) the first term represents the heat transferred to the environment; the second and third terms are irreversible heat generated from resistive dissipation i Table II .
Thus the temperature rise in battery ΔT b under the pulsed current load can be expressed as
where T b,ini is the initial temperature of the battery pack. ΔT b in a specific system, battery-alone or hybrid ones, can be calculated by using the actual battery current and internal resistance.
B. Passive HESS
In the passive HESS the battery and UC packs are directly connected in parallel, as shown in Fig. 1(b) . C u 1 and R u 1 are the capacitance and internal resistance of the UC pack, respectively [21] . Based on the KVL and KCL (Kirchhoff's voltage and current laws) and Fig. 1(b) , the following relationships can be obtained,
where (11) gives
where the time constant τ is equal to (R b1 + R u 1 )C u 1 [22] . Since the purpose of the UC pack is to provide the dynamic current, it is reasonable to assume that
Thus the differential equation, (13) , can be solved to give V o,u1 , as shown in (14) . The total energy from the battery and UC packs, E total , is calculated in equation (14) as shown at the bottom of the page.
Note that the integral of the UC current over period T , energy of the load in the passive HESS is
The third term,
Here α is a term to represent the percentage of dynamic load current that is supplied by the UC pack. It is determined by the eigen-frequency of the passive HESS, f o , and the frequency of the pulsed current load, f l [22] . Thus the system efficiency of the passive HESS is
where
C. Battery Semiactive HESS
In the battery semiactive HESS a dc-dc converter is placed between the battery pack and the load, as shown in Fig. 1(c) . For the pulsed current load, the average load current is expected to be supplied by the battery pack with a high energy density, and the dynamic load current can be jointly provided by the battery and UC packs. Thus a current distribution coefficient, C d,bs , can be defined as
which is used to describe the percentage of the dynamic current that is provided by the battery pack through the dc-dc converter. Therefore, the currents of the dc-dc converter, the battery and UC packs are written as
where s is the sign of i d,bs . Note the battery current, i b,bs , is calculated considering the efficiency of the dc-dc converter, η d . For the UC pack,
i.e., a varying OCV of the UC pack. Then the system efficiency η bs is expressed as
which can be numerically calculated.
D. Capacitor Semiactive HESS
In the capacitor semiactive HESS the dc-dc converter is connected between the UC pack and the load, as shown in Fig. 1(d) . Again C d,cs is defined to describe the percentage of the dynamic load current supplied by the battery pack. Similarly, the currents of the dc-dc converter, the battery and UC packs can be written as 
Thus the system efficiency η cs can be expressed as
III. SENSITIVITY ANALYSIS Sensitivity analysis is performed below to quantitatively investigate the influences of the load profile and the system parameters on the energy efficiency and temperature rise in battery. Due to the nonlinearities of the previously derived efficiencies and temperature rises, the variation-based Sobol' method is applied for a global sensitivity analysis. The so-called Sobol' indices are used to quantify the amount of the variance that a single parameter or the correlation among parameters contributes to the total variance [23] . Five parameters, I l,a , I l,dp , I l,dn , SOC b , and η d , are selected to investigate the relative importances of an individual parameter and pairs of them. These two criteria are represented by the first and second order Sobol' indices, respectively. The ranges of the parameters in the sensitivity analysis are shown in Table III and the distributions of the parameters are assumed to be uniform. I l,a , I l,dp , and I l,dn are the three parameters to define a pulsed current load (see Fig. 2 ). The quasi-Monte Carlo algorithm with quasi-random samples, one million Halton points, is adopted to estimate the first and second order Sobol' indices. The quasi-Monte Carlo algorithm is known to have a faster convergence than the conventional Monte Carlo algorithm [24] .
In the following analysis eight lithium-ion battery cells are connected in 4S2P (4 series 2 parallel) for the battery-alone system. The size and connection of the UC pack is determined to enable a similar dc bus voltage variation with the batteryalone system. The battery semiactive HESS has the largest dc bus voltage variation since the battery pack is decoupled from the load. Thus this HESS is selected to determine the size of the UC pack at 50% SOC b . Its maximum variation of the dc bus voltage over the period T (=10 s) is reached when C d,bs is zero [refer to (23) ], Therefore the size of the UC pack should satisfy
which requires an 8S1P connection, as shown in Table I . The battery cells are then connected in 2S4P to have a nearly 50% duty cycle of the dc-dc converter. The connections in the other two HESSs are similarly determined and summarized in Table IV . Note that the current ripple of a real dc-dc converter may affect the performances of the two semiactive HESSs. Existing literature shows that when the peak-to-peak ripple of the battery current is nearly 200% of its dc component, about 15% additional heat is generated [25] . Taking the battery semiactive HESS in the experiments as an example, with a 50% duty cycle of the dc-dc converter and a 50% SOC b , the peak-to-peak ripple of the battery current is
, and f s (=20 kHz) are the duty cycle, inductance of the inductor, and switching frequency of the dcdc converter, respectively. In the worst case, i.e., the smallest average load current I l,a (=1 A) in Table III , the above peakto-peak battery current is only 38% of the dc component, 2 A, considering the 50% duty cycle of the dc-dc converter. Thus the influence of the current ripple of the dc-dc converter is neglected in the following analysis.
A. System Efficiency
The current distributions, C d,bs and C d,cs , are first optimized to maximize the system efficiencies of the battery and capacitor semiactive HESSs, respectively (refer to section II-C and D). The expectation and standard deviation of the system efficiencies for the one million samples,Ê(y) andσ(y), are shown in Table V . It can be seen that due to the lack of the dc-dc converter, the passive HESS is the most efficient system and its efficiency is the least sensitive to the variations of the parameters. Meanwhile, as discussed below, compared with the two semiactive HESSs, the passive HESS is sensitive to the characteristics of the load profile. In addition, the uncontrolled current distribution between the battery and UC packs make the passive HESS less attractive [8] . With one dc-dc converter, the capacitor semiactive HESS is averagely more efficient than the battery semiactive HESS. Note the average efficiency of the battery semiactive HESS is actually lower than that of the battery-alone system, but it significantly improves the robustness of the system efficiency against variations of the dynamic current in the load profile, as shown in the following Sobol' indices-based analysis.
Figs. 3 and 4 show the first and second order Sobol' indices representing the relative importances of an individual parameter and the pairs. For the battery-alone system and the passive HESS, they are both sensitive to the characteristics of the load profile, i.e., I l,a , I l,dp , and I l,dn . Meanwhile, with the highefficiency UC pack the passive HESS is less sensitive to the characteristics of the dynamic load current, i.e., I l,dp and I l,dn , but more sensitive to the average load current, I l,a . It is interesting to note that the efficiency of the battery semiactive HESS highly depends on the efficiency of the dc-dc converter, η d ; while the capacitor semiactive HESS is sensitive to the dynamic load current, i.e., I l,dp and I l,dn . At the same time, parameter correlations in Fig. 4 show that the battery semiactive HESS is a relatively straightforward HESS, in which the efficiency of the dc-dc converter is a dominant factor. However, the behavior of the capacitor semiactive HESS is complicated due to the strong correlations among the parameters. The results of the above efficiency analysis provide a basis for choosing a proper HESS topology that best fits a target application.
B. Temperature Rise in Battery
Again the current distributions C d,bs and C d,cs are optimized to minimize ΔT b in the battery and capacitor semiactive HESSs, respectively. The expectation and standard deviation of ΔT b in a single period of the load profile, 10 s, are shown in Table VI for the one million samples. It shows that the battery temperature rise in the capacitor semiactive HESS ΔT b,cs is the lowest on average and is the least sensitive to the system parameters and load profile. The battery-alone system has the highest average ΔT b . Combining the UCs the temperature rise in battery can be effectively reduced, which would lead to an extended battery cycle life.
Figs. 5 and 6 show the first and second order Sobol' indices for analyzing the temperature rise in battery. Quite different with the system efficiencies, all the temperature rises in the four systems mostly depend on the average load current I l,a and the battery SOC SOC b . This is because the irreversible resistive heat is affected by I l,a , I l,dp , and I l,dn , while the reversible entropic heat generated over the single period mainly depends on I l,a , i.e., the term of the integration of i b in (10) . Thus I l,a has a larger influence on the temperature rise than I l,dp and I l,dn . Meanwhile, SOC b influences both the irreversible resistive and reversible entropic heats. With the UC pack to supply the dynamic load current, the battery temperature rises in the three battery-UC HESSs are insensitive to the dynamic component of the load profile, i.e., I l,dp and I l,dn . Again a strong correlation between I l,a and SOC b is observed in all the three HESSs, as shown in Fig. 6 . Note the influence of η d is only obvious in the battery semiactive HESS because the dc-dc converter is directly connected with the battery pack. In terms of the protection of the battery, the capacitor semiactive HESS is the best among the three battery-UC HESSs.
IV. PROPER USAGE OF HESSS
Thanks to the above sensitivity analysis, the proper usage of the HESSs can be quantitatively discussed considering the most influential factors. Since the sensitivities of I l,dp and I l,dn , i.e., the two parameters representing the dynamic load current, are close in all the above cases, for the sake of simplicity I l,dn is set to be equal to I l,dp in the following discussions. The below results in Figs. 7-10 are obtained through numerical simulation.
A. System Efficiency
Merely in terms of efficiency, the simple passive HESS is the best. However, it is sensitive to the characteristics of the load profile, particularly the load frequency. For example, the efficiency of the passive HESS significantly drops as the frequency of the pulsed current load becomes lower than its eigen-frequency [refer to Fig. 7 , (17), and (18)], while the efficiencies of the other three systems are irrelevant to the frequency of the load [refer to (8) , (24) , and (29)]. It is known that the uncontrollable current flow in the passive HESS also causes low UC utilization (39.5% in the current configuration) and adversely affects the battery cycle life [8] , [26] . These drawbacks limit the application of the passive HESS. The passive HESS mainly serves as a reference in the following sections.
Thus the efficiencies of the battery-alone system, battery and capacitor semiactive HESSs are discussed below. Fig. 8(a) and (b) graphically compare the efficiencies versus average load current I l,a and dynamic load current I l,dp (=I l,dn ) at 95% and 98% efficiencies of the dc-dc converter η d . The two subfigures show that efficiency of the battery semiactive HESS η bs is the highest when the load profile has a small I l,a and large I l,dp , namely a highly dynamic load profile. Except in this region, the capacitor semiactive HESS is always the most efficient. Meanwhile, under a relatively smooth load profile, i.e., with a small I l,dp , the two semiactive battery-UC HESSs may not be advantageous, particularly when efficiency of the dc-dc converter is relatively low. In this case the battery-alone system itself is already sufficiently efficient [see Fig. 8(a) ]. A high-efficiency dc-dc converter is important to justify the usage of the semiactive battery-UC HESSs. The battery semiactive HESS is superior under a strong dynamic load, while generally the capacitor semiactive HESS is more efficient in other cases. Fig. 9 shows the temperature rises in battery ΔT b versus the two most influential parameters, average load current I l,a and SOC of the battery pack SOC b , during a single period of the pulsed load profile, 10 s. The temperature rise in the conventional battery-alone system is the highest. All maximum ΔT b 's are reached when SOC b is 10% and I l,a is 5 A. It is because the absolute value of the entropic heat coefficient ∂V ocv /∂T b is the largest at the low 10% SOC b and the heat generated from the resistive dissipation increases with an increasing I l,a . The temperature rise ΔT b in the capacitor semiactive HESS is always the lowest. In this HESS the optimized C d,cs is zero (refer to Section II-D). Thus the battery pack only supplies the average load current. For reference purposes, ΔT b,ps and ΔT b,bs , the respective battery temperature rises in the passive and battery semiactive HESSs, under different I l,a and SOC b are graphically compared in Fig. 10 . It is interesting to note that as same as in the previous analysis of efficiency, the battery semiactive HESS is superior when the pulsed load profile is highly dynamic, i.e., a small average load current I l,a here. Meanwhile, when I l,a increases, the voltage drop of the battery caused by its internal resistance increases. It in turn leads to a larger battery current to maintain a nearly constant output power of the dc-dc converter, and thus higher ΔT b than that in the passive HESS. Again a high-efficiency dc-dc converter helps to reduce the temperature rise in the battery pack.
B. Temperature Rise in Battery

V. EXPERIMENTAL VALIDATION
The experimental setup is shown in Fig. 11 taking the capacitor semiactive HESS as an example. The setup was reconfigured to also emulate passive and battery semiactive HESSs, and battery-alone system. As shown in the figure, the power supply and the electronic load are combined together to emulate the charging and discharging currents (i ch and i dis ). The buckboost bidirectional dc-dc converter was designed and fabricated in house. The pulse width modulation (PWM) control of the output current of the dc-dc converter is performed by using the National Instruments (NI) compactRIO. The NI CompactRIO also collects data such as battery voltage (V b ), battery temperature (T b ), UC voltage/current (V u and i u,cs ), output current of the dc-dc converter (i d,cs ), load current (i l ), and environmental temperature (T env ). Three 0.01Ω high-accuracy sampling resistors, R s1 , R s2 , and R s3 , are used to measure the currents of the dc-dc converter, UC pack, and load, respectively. The battery current is equal to the difference between the currents of the load and the dc-dc converter. Two T-type thermocouples are used to measure the battery and environmental temperatures. The specifications of the experimental setup are summarized in Table VII .
There are many topologies for the dc-dc converters. Thus for generality, in the above analysis the constant efficiencies, 95% and 98%, are used for the dc-dc converter, which are reasonable for today's power electronic devices. For verification purposes, the power loss of the specific dc-dc converter in the experimental setup is calculated as follows (see Fig. 12 ) [27] .
where R m os (=15 mΩ), R L (=20 mΩ) are resistances of the MOSFET and the inductor, respectively; V d (=15 V) is the gate drive voltage; Q g (=92 nC) is the gate charge of the MOSFET; f s (=20 kHz) is the switching frequency; i L is the current of the inductor. As shown in Fig. 13 , the relationships among the efficiencies are as same as the results in Fig. 8 (a) using a constant 95% efficiency of the dc-dc converter. Note that the average efficiency of the real dc-dc converter is 95%. The system efficiencies of the four systems, the battery-alone system, passive HESS, battery and capacitor semiactive HESSs, were measured and shown in Fig. 15 under the different combinations of average load current I l,a and dynamic load current I l,dp at points A to D in Fig. 8(a) . The pulsed current load profiles at points A-D are shown in Fig. 14 . Relationships among the system efficiencies well match with the previous calculation results. The figure clearly shows the benefit of the hybridization with UCs, particularly under a small I l,a and a large I l,dp (such as at point A). Between the two semiactive HESSs, the efficiency of the battery semiactive HESS is more sensitive to the average load current, as shown by the efficiencies at points A and D. This drop in efficiency is mainly caused by the increased energy loss in the dc-dc converter in the battery semiactive HESS. The efficiency map in Fig. 8 can serve as a guideline when choosing a proper HESS topology for a target load dynamics.
Similarly, the temperature rises in the battery pack were measured and shown in Fig. 17 under the combinations of average load current I l,a and SOC of the battery pack SOC b at points E to H in Fig. 10 . The pulsed current load profiles at points E-H are shown in Fig. 16 . In the profiles, the dynamic current is maximized (I l,dp = I l,dn = 5 A) in order to clearly observe the temperature rises. Note that the two profiles at points F and G are identical but with different SOC b . In the experiments, the pulsed current load is repeated until 5% reduction of the capacity is reached when starting from 50% and 90% SOC b . For the low 10% SOC b , in order to prevent the overdischarge of the battery the pulsed current load is repeated until the voltage of the battery pack drops to 10 V. Fig. 17 shows that the temperature rises in battery are reduced in all the three battery-UC HESSs. As same as in the previous theoretical discussions, in terms of the reduction of the temperature rise in battery, i.e., the protection of battery, the capacitor semiactive HESS is more advantageous than the battery semiactive HESS, particularly when the average load current I l,a is large (refer to point H in Fig. 10) . For reference purposes, a realistic current load profile from the Japanese JC08 cycle is used to investigate the performances of the four systems (see Fig. 18 ). The JC08 cycle was designed to represent a congested city driving [28] . Table VIII shows system efficiencies (η sys ) and battery temperature rises in experiments under the JC08 profile. The results are consistent with those of the above quantitative analysis using the pulsed current load profiles. Under the highly dynamic JC08 profile, the battery semiactive HESS is superior in terms of system efficiency, while the capacitor semiactive HESS better suppresses the battery temperature rise. Thus the above analysis using the pulsed current load profiles provides general guidelines for the selection of a proper battery-UC HESS in real applications.
VI. ADDITIONAL DISCUSSIONS ON COST METRIC
Besides the technical aspects, the cost metric of the above four systems (e.g., volume, mass, economic cost) is discussed as follows. Note that the passive HESS is included for reference purposes. As discussed above, the drawbacks of the passive HESS limit its application. When comparing competing systems, there is usually a tradeoff between improved performance and added complexity, cost, volume, mass, etc. The above analysis quantitatively investigates the performances of the batteryalone system, passive HESS, battery and capacitor semiactive HESSs in terms of the energy efficiency and temperature rise in battery. The below discussions on the cost metric help to further address the complicated tradeoff relationships when designing a practical energy storage system.
From [15] , [29] , the cost, mass, and volume of the dc-dc converter are assumed to be 50 USD kW
The estimated cost of lithium-ion battery and UC are supposed as about 1500 USD kWh −1 and 15 000 USD kWh −1 , respectively [30] , [31] . The cost, mass, and volume of the four systems are calculated taking the experimental setup in Fig. 11 as an example, and listed in Table IX. Note that as shown in Table IV , the numbers of the battery and UC cells are same in the battery and capacitor semiactive HESSs. Fig. 19 illustrates the tradeoff relationship between system efficiencies of the four systems and their costs at points A-D in Fig. 8(a) . Again, compared with the battery-alone system, the two semiactive HESSs show better cost performance at points A and C, i.e., highly dynamic loads. In the current example, the cost is 12-15 USD for 1% efficiency improvement when using the semiactive HESSs. The HESSs are less cost-effective at points B and D, i.e., smooth loads, because the efficiency of the battery-alone system is already over 90%. Similarly, Fig. 20 shows the battery temperature rises versus the costs at points E-H in Fig. 10 . At point E, i.e., the most dynamic load, the semiactive HESSs show the largest reduction of the battery temperature rise. For the current example, the cost is 12 USD for 1°C reduction of battery temperature rise. As shown in Table IX , the mass and volume of the battery-UC HESSs are about 1.5 times and 3.0 times larger than those of the battery-alone system, respectively. Currently, the battery-UC HESSs are considered suitable for applications in utility grids and larger vehicles such as buses. These applications are less restrictive on weight, volume, and cost. New technologies and mass production are expected to further improve the energy density and cost-effectiveness of the UCs, i.e., smaller, lighter, and cheaper UC cells.
VII. CONCLUSION
In this paper the system efficiencies and the battery temperature rises in the battery-alone system and the three representative battery-UC HESSs are derived under a pulsed current load. Sensitivity analysis is then performed to investigate the influences of the characteristics of the load profiles, the state of charge of batteries, and the efficiency of the dc-dc converter on the four energy storage systems. The proper usage of the HESSs is discussed later based on the results of the sensitivity analysis. The drawbacks such as the dependence on the load frequency limit the application of the passive HESS. It is found that the capacitor semiactive HESS is advantageous in terms of efficiency. However, compared with the battery semiactive HESS its efficiency is more sensitive to the load dynamics, and the strong correlations among the parameters make its behavior complicated. Meanwhile, the battery semiactive HESS is a relatively straightforward HESS and efficient when the load is highly dynamic. At the same time, the efficiency of the battery semiactive HESS significantly depends on the efficiency of the dc-dc converter. The hybridization with the UCs makes the battery temperature rise in the HESSs less sensitive to the dynamic component of the load. The capacitor semiactive HESS shows the best performance in suppressing the temperature rise in battery (i.e., protection of battery). The improvement in the temperature rise is obvious in the battery semiactive HESS when the load becomes more dynamic. Again this improvement is sensitive to the efficiency of the dc-dc converter. The above results provide guidelines for the proper usage of the battery-UC HESSs in the applications with different load dynamics. Considering the cost metric (e.g., volume, mass, economic cost), currently the battery-UC HESSs are suitable for applications such as utility grids and larger vehicles. Improvements in technology and mass production are expected to further expand their applications. The systematic approach developed in this paper can be used to discuss other factors in the battery-UC HESSs, and further extended to discuss more HESS topologies.
